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Abstract 
Bulk modulus as one of the important mechanical properties of pure Iron and Steel are calculated using molecular dynamics 
simulation method. The Iron slab consists of 500 Fe atoms and four different potential functions including two-body and three-
body potentials are utilized to predict the bulk modulus for pure Iron. By placing carbon atoms between Fe atoms in a random 
configuration, we have also calculated the bulk modulus of Steel with 1% carbon concentration. We found that three-body 
potential functions can predict the bulk modulus of Iron and Steel in agreement with experimental data. All simulations were 
carried out using LAMMPS package.  
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1. Introduction 
Molecular dynamics (MD) is simulation of  physical movements of atoms and  molecules in the context of N-
body simulation. The atoms and molecules are allowed to interact for a period of time, giving a view of the motion 
of the atoms. The equations of motion are solved numerically the Newton's equations for a system of interacting 
particles to follow the time evolution of the system, allowing the derivation of kinetic and thermodynamic properties 
of interest by means of computer experiments, Alder and Wainwright (1959), Rahman (1964).  
There are several kind of potential functions that are used in molecular dynamics simulation such as Lennard 
Jones (LJ), Embedded Atom Method (EAM), Modified Embedded Atom Method (MEAM), Tersoff which are used 
in different systems depending on the application. For variety of mechanical applications the prediction of   
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mechanical properties of steels is the question of great importance. Thousands of steels with different chemical 
compositions and different microstructures are used in the industries while the most common methods to obtain their 
properties are time and money consuming experiments. Recently MD method has been extensively used for 
estimation of mechanical properties of steels with different chemical compositions, Bhadeshia et al. (1997). 
In this paper we have provided molecular dynamics simulation for calculating bulk modulus of pure Iron and 
steel and compared results of four different common potentials (LJ, EAM, MEAM, Tersoff). We have found that 
MEAM and Tersoff potentials are more appropriate potentials to predict the bulk modulus of pure iron and steel. 
2. Molecular dynamic Simulation 
Molecular dynamics simulation consists of the numerical, step-by-step, solution of the classical equations of 
motion, which for a simple atomic system may be written: 
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For this purpose we need to be able to calculate the forces fi acting on the atoms, and these are usually derived 
from a potential energy E(rN), where rN = (r1; r2; … ;rN) represents the complete set of 3N atomic coordinates. In the 
following sections we focus on potential functions.  
2.1. LJ Potential  
LJ potential is a simple physical model that approximates the interaction between a pair of neutral atoms or 
molecules. The most common expressions for the LJ potential are: 
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Where r is the distance between the particles. Here, א is the depth (i.e. the minimum) of the potential well, and ɐ 
is the distance at which the inter-particle potential is zero, Lennard-Jones (1924). 
2.2. EAM Potential 
The energy in potentials of the EAM type consists of two parts, a pair potential term specified by the function 
Φ(r) representing the electrostatic core-core repulsion, and a cohesive term specified by the function F(ρ) 
representing the energy the ion core gets when it is "embedded" in the "Electron Sea". This Embedding Energy is a 
function of the local electron density, which in turn is constructed as a superposition of contributions from 
neighboring atoms. This electron transfer is specified by the function Ρ(r). 
The embedding function Fi(n) depends on the type of the embedded atom, the transfer function ρj(r) depends on 
the type j of the donating atom, whereas the pair potential Φij(r) depends on the types i and j of both atoms involved. 
It is suitable for modeling metals and alloys with fcc, bcc, hydrocarbons, alkanes, and benzene structures. Ideas 
from the Density Functional Theory may lead to the following form for the total energy, Mendelev et al. (2003): 
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2.3. MEAM Potential 
The energy in potentials of the MEAM type behaves like the EAM type. Conceptually, it is an extension to the 
original EAM potentials which adds angular forces. It is thus suitable for modeling metals and alloys with fcc, bcc, 
hcp and diamond cubic structures, as well as covalently bonded materials like silicon and carbon. The “electron” 
density depends on the electron transfer, ρ(r), and the three-body terms f(r) and g(cosθ).  
 The embedding function Fi(n) and the three-body angular function gi(cosθ) both depend on the type of the 
embedded atom, the transfer function ρj(r) depends on the type of the donating atom, and the pair potential Φij(r) and 
the three-body radial function fij(r) both depend on the types i and j of both atoms involved. 
The explicit three-body term may improve upon the description of materials with highly-directional bonds while 
only being about 3-5 times slower than EAM.  
Total energy form for MEAM potential is Liyanage et al. (2014):  
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2.4. Tersoff Potential 
The Tersoff Potential suggests that in actual systems, the bond strength has inverse ratio relation to the number of 
neighbors of each atom. This means that an atom with a lot of neighbors have weaker bond than an atom with less 
neighbors. 
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Where f(R) is a two−body term and f(A) includes three−body interactions. The summations in the formula are 
overall neighbors j and k of atom i within a cutoff distance = R + D. rij , rik  show length bond ij , ik and θijk is angle 
between them. Parameters with an index depend on the type of atoms as λi  , ni ,Tersoff (1988). 
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3. Bulk modulus 
The Bulk Modulus is a material property that describes the elastic properties of a solid or fluid when it is under 
pressure on all surfaces. The applied pressure reduces the volume of a material, which returns to its original volume 
when the pressure is removed. In fact, the bulk modulus is a measure of the ability of a substance to withstand 
changes in volume when under compression on all sides. The bulk modulus, denoted as B is defined, Adkins (1976): 
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Fig. 1. Schematic description of Bulk modulus. 
The bulk modulus can be calculated using the instantaneous volume fluctuations of the system at a constant 
pressure as, Allen and Tildesley (1987): 
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Where KB is Boltzmann constant and <ߜܸ > is standard deviation of instantaneous volume.  
4. Results and discussion 
 In first part, we have considered 500 atoms of pure Fe with periodic boundary conditions in a bcc lattice 
configuration. Then we start to run simulation with temperature of 1K, at 1bar pressure with time step of 1 
femtosecond and allow continuing the simulation for 50,000 timesteps. The calculated bulk modulus using Eq. (11) 
is presented in table 1 for four different potential functions. The parameters used for each potential function have 
been taken from references in table 1.    
As shown in Table 1, the bulk modulus for LJ potential is very different from those for other potentials. So as we 
expected the LJ potential is not appropriate for predicting the bulk modulus of Iron. The calculated bulk modulus for 
EAM, MEAM and Tersoff potential function are in good agreements with experimental data, Kaye and Laby 
(1993). This is because LJ potential only consider two-body terms. 
In second part, 25 carbon atoms are added to the previous model for simulation of steel with 1% carbon content 
as shown in Fig. 2. In this case the carbon atoms placed at random among the atoms of the Fe. Since the LJ potential 
function was failed in previous part, we use EAM, MEAM and Tersoff potential function to simulate and calculate 
the bulk modulus of steel. Results are presented in table 2. It is found that the EAM potential is not appropriate for 
predicting the bulk modulus of steel because of very strange result. We have repeated the simulation with EAM 
potential with different random positions of carbon atoms and same results are obtained. As shown in Table 2 the 
MEAM and Tersoff potential are able to predict the increase of bulk modulus of Steel by adding carbon atoms. This 
is because both MEAM and Tersoff potential function are three-body potential with angular term.   
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As shown in table 2, adding carbon atoms lead to increase the bulk modulus of steel compared to pure Iron. This 
might be due to the three-body angular term in these potentials which make the potential function able to model 
more types of interactions. 
 
Table 1. The Bulk modulus for Iron. 
 
 
 
 
 
 
 
 
 
Fig. 2. Steel with 1% carbon atoms (red points: atoms of Fe, blue points: atoms of carbon) visualized by OVITO software. (a) in XY plane; (b) in 
XYZ space. 
Table 2. The Bulk modulus for Steel with 1% added carbon atoms. 
Potentials Bulk modulus  (GPa) 
EAM 18.88 ± 7.02 
MEAM 164.86 ± 0.14 
Tersoff  3.23 
5. Conclusion 
As conclusion, it can be stated that according to Table 1, the LJ potential cannot be presented to model the bulk 
modulus of Iron. Also, as shown in Table 2 and compared with actual measurements, Henriksson et al. (2013), we 
find that the potential EAM cannot be considered for predicting bulk modulus of steel. Therefore the MEAM and 
Tersoff potential are appropriate potential functions for predicting the bulk modulus of Iron and Steel.  
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